We previously cloned and sequenced a cDNA encoding soybean ferric leghemoglobin reductase (FLbR), an enzyme postulated to play an important role in maintaining leghemoglobin in a functional ferrous state in nitrogen-fixing root nodules. This cDNA was subcloned into an expression plasmid, plrcHis C, and overexpressed in Escherichia coli. l h e recombinant FLbR protein, which was purified by two steps of column chromatography, was catalytically active and fully functional. l h e recombinant FLbR cross-reacted with antisera raised against native FLbR purified from soybean root nodules. l h e recombinant FLbR, the native FLbR purified from soybean (Glycine m a 1.) root nodules, and dihydrolipoamide dehydrogenases from pig heart and yeast had similar but not identical ultraviolet-visible absorption and fluorescence spectra, cofactor binding, and kinetic properties. FLbR shared common structural features in the active site and prosthetic group binding sites with other pyridine nucleotide-disulfide oxidoreductases such as dihydrolipoamide dehydrogenases, but displayed different microenvironments for the prosthetic groups.
The maintenance of Lb in the ferrous state is a prerequisite for N2 fixation in leguminous nodules. FLbR, an enzyme that reduces Lb3+ to Lb2+, has been proposed to be involved in maintaining Lb in an active form in legume nodules (Saari and Klucas, 1984) . Previously, we purified and characterized this enzyme from soybean (Glycine max L.) nodules (Ji et al., 1991) and then cloned and sequenced the gene encoding FLbR (Ji et al., 1994) . Comparison of this DNA sequence and its deduced protein sequence with known sequences reported in DNA and protein data banks revealed that FLbR is related to a family of pyridine-nucleotide disulfide oxidoreductases, especially the DLDHs (Ji et al., 1991 (Ji et al., , 1994 . Soybean FLbR shares structural features with other members of this enzyme family in the regions of the active site, the prosthetic group binding sites, and other functional domains (Ji et al., 1991 (Ji et al., , 1994 . li et al.
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The pTrcHis C::FLbR expression plasmid construction was transformed into competent cells of E. coli strain TOP 10. Transformants were selected for ampicillin resistance, and the correct construction was confirmed by restriction endonclease treatment and electrophoresis of the isolated insert and plasmid DNA. The FLbR gene-containing plasmids were maintained on SOB (Sambrook et al., 1989 ) ampicillin plates at 4OC and in SOB containing 15% (v/v) glycerol at -8OOC. The rFLbR was overproduced in pTHC::FLbR-transformed E. coli cells by induction of IPTG according to the supplier's instruction (Invitrogen). Synthesis of rFLbR-fusion protein was followed by removing l-mL aliquots at l-h intervals. Cells were harvested from each aliquot by centrifugation in a microcentrifuge for 1 min. The pellet was resuspended in 100 pL of 20 m~ Pi buffer, pH 7.0. The cell suspension was frozen in methanol-dry ice and thawed at 42OC for a total of four cycles before analysis of proteins by SDS-PAGE (Laemmli, 1970) . Gels were stained with Coomassie brilliant blue, and the molecular mass of the fractionated proteins was determined by comparison with known protein standards. A culture of pTrcHis C::FLbR-transformed E. coli TOP 10 grown overnight was used to inoculate 50 mL of SOB medium (Sambrook et al., 1989) containing ampicillin (50 pg/mL). After growth for 4 h at 37OC, the culture was transferred to 1 L of SOB-ampicillin medium. The cells were incubated until the A600 of the cell culture reached 0.5 and then IPTG was added to the culture to give a final concentration of 1 m.
The culture was incubated at 37OC with vigorous shaking for 10 to 14 h and cells were harvested by centrifugation at 50008 at 4OC for 15 min. Pelleted cells were either used immediately or stored at -8OOC.
The rFLbR fusion protein was purified by two steps of column chromatography: ammonium sulfate gradient fractionation on Sepharose 6B followed by affinity separation on a nickel-charged Probond resin using manufacturer-supplied protocols. The purified rFLbR-fusion protein was digested with EK (2 pg/mg protein) at 37OC overnight to.remove the polyhistidine tail. The cleaved N-terminal peptide (polyhistidine and EK site) was removed from the sample by passing through a new Probond column. Protein samples were analyzed by SDS-PAGE and by IEF (Ji et al., 1991) .
Assays of Enzymatic Activities
Activities of FLbR for DCIP and Lb3+ reductions were assayed as described by Ji et al. (1991) . DLDH activity was assayed spectrophotometrically by monitoring the lipoamidemediated oxidation of NADH under aerobic conditions (Dietrichs and Andreesen, 1990; Oppermann et al., 1991) . One unit of DLDH activity was defined as the amount of enzyme required to oxidize 1 rmol NADH min-'.
Preparation of Antisera for FLbR
Crude antisera were desalted on a P-6-DG column (BioRad) equilibrated with 20 m~ Tris-HC1, pH 8.0, containing 28 ITLM PJaCl, and loaded onto a DEAE-blue column equilibrated with the same buffer. The IgG fraction was collected in the wash fraction and concentrated with a Centriprep-30 centrifugal filtration apparatus (Amicon).
Western Blot Analysis
Immuinoblot analysis (Harlow and Lane, 1988) was performed to verify the identity of the rFLbR. About 20 pL of crude E. coli cell extracts, 15 to 20 pg of Sepharclse 6B-and Probond-purified rFLbR proteins, 10 pg of nFLbR purified from soybean root nodules prepared as described (Ji et al., 1991) , and 10 pg of protein mol wt standards were fractionated by SDS-PAGE and transferred to nitrocellulose membranes ( 'Towbin et al., 1979) . Blots were first reacted with anti-FLbR antibodies, then developed with anti-rabbit-alkaline phosphatase antibodies (Harlow and Lane, 1'988).
lmmunotitrations of FLbR Activities
Activities of the rFLbR for DCIP and Lb3+ redusztions were immunotitrated (Hawkers et al., 1982) with polyzlonal antibodies against nFLbR subunits. Five micrograms of rFLbR in 200 pL of TBS (Hawkers et al., 1982) were incubated with 200 pL of various dilutions of affinity-purified rabbit antiFLbR IgG for 3 h at 4OC. The antigen-antibody conjugates were removed by centrifugation at l0,OOOg for 15 min, and enzymatic activities in the supematant were assayed as described above. Both preimmune serum and TBS buffer were run as controls for each titration.
UV-Visihle Absorption Spectrum
UV-visible spectra of the rFLbR and the pig h1:art DLDH were determined in 50 m~ Pi buffer, pH 7.0, containing 2 m~ EDTA, with a Spectronic 3000 diode array spectrophotometer (Milton Roy). The oxidized form of FLblt was generated b y the addition of excessive NAD+ to the medium under aerobic conditions (Maeda-Yorita and Aki, 1984) , and the reduced form of pig heart DLDH was obtained by the addition of excess NADH (Oppermann et al., 1991) .
Fluorescence Spectrum and Fluorescence Polarixation
Fluorescence spectra, fluorescence polarization, and integrated fluorescence polarization spectra of the FLbR and DLDH from pig heart and yeast were measured in 50 m~ Pi buffer, pH 7.0, containing 2 m~ EDTA, with a Perkin-Elmer LS 50 spectrofluorometer interfaced to a computer. The emission spectrum was obtained at an excitation wavelength of 445 nm (Maeda-Yorita and Aki, 1984) , and the, excitation spectrum was obtained at an emission wavelength of 520 nm, with band passes of 3.5 nm for both excitation and emission monochromators. Fluorescence polarixation and Polyclonal antibodies against nFLbR purified from soybean anisotropy were measured at an excitation wavelength (Glycine ma% L.) nodules (Ji et al., 1991) and the SDSof 445 nm and an emission wavelength of 520 nm at a denatured nFLbR subunits were generated in New Zealand 3.5-nm band pass, using a computer-programmed White rabbits by the Monoclonal Antibody Core Facility Fluorescence Polarization Application procedure supplied (University of Nebraska-Lincoln).
with the spectrofluorometer. 
Kinetics of FLbR-Catalyzed and DLDH-Catalyzed Reactions
Kinetics of FLbR-and DLDH-catalyzed Lb3+ reduction and lipoamide-mediated NADH oxidation were studied by analyzing initial rates of the reactions in the presence of constant concentrations of enzymes with various concentrations of substrates. For measurements involving Lb3+ reduction, reaction mixtures contained 50 m~ Pi buffer, pH 7.2, 2 m~ EDTA, 0.2 m~ NADH, 10 pg of enzyme (rFLbR, nFLbR, pig heart DLDH), and different concentrations (1-70 p~) of Lb3+ to a total volume of 1 mL. For the lipoamide-mediated NADH oxidation, the reaction mixtures contained 50 m~ Pi buffer, pH 7.2, 2 mM EDTA, 10 pg of one of the enzymes, and various concentrations of either lipoamide (0.02-6 m~) or NADH (0.01-3 mM). The initial rates of reaction were determined using the Kinetic Analysis program of the Spectronic 3000. Data were modeled to Michaelis-Menten kinetics and values of K, and V,,, were determined by fitting to Lineweaver-Burk plots using ENZFITTER software (Biosoft, Cambridge, UK). In each case, the rate of oxidation without enzyme was used as a control.
Other Methods
Lb and Lb3+ were prepared by a procedure described previously (Saari and Klucas, 1984) . The concentration of Lb3+ was measured using an extinction coefficient at 495 nm of 8.5 m~-' cm-'. Protein concentration was assayed by the Bio-Rad dye-binding protein microassay procedure using BSA as a standard. nFLbR was purified from soybean nodules as reported earlier (Ji et al., 1991) .
RESULTS

Overproduction, Purification and lmmunotitration of the rFLbR Protein
The cloned FLbR cDNA was inserted into the expression plasmid vector pTrcHis C and the resultant plasmid, pTHC::FLbR, was transformed into E. coli strain TOP 10. The FLbR cDNA insert was verified by restriction fragment analysis of the plasmid DNA and by sequencing the junction between the plasmid and 5' end of the FLbR cDNA insert (sequence data not shown). The overproduced rFLbR was purified 68-fold using two steps of column chromatography: ammonium sulfate gradient fractionation using Sepharose 6B and metal chelation-affinity separation using Probond resin ( Table I) . As with nFLbR (Ji et al., 1991) , rFLbR possessed both DCIP and Lb3+ reductase activities. Crude extracts of cells induced by IPTG had specific activities of 470 and 7.2 units mg-' protein for DCIP and Lb3+ reductions, respectively, whereas the purified rFLbR showed specific activities of 4470 and 486 units mg-', respectively (Table I) . These values are comparable to those observed with the nFLbR (Ji et al., 1991) . The two catalytic activities of the rFLbR were further confirmed by immunotitration. Activities for DCIP and Lb3+ reductions decreased with increasing levels of antiFLbR IgG (Fig. 1) . These results indicated that a cDNA encoding a catalytically active and fully functional FLbR had been cloned and expressed.
Electrophoretic Properties SDS-PAGE of purified preparations of the nFLbR from soybean root nodules, purified rFLbR, and crude cell-free extracts of E. coli stained for proteins is shown in Figure 2 . The EK-treated rFLbR (Fig. 2, lane 2) exhibited a electrophoretic mobility similar to that of nFLbR (Fig. 2, lane l) , with a molecular mass of 54 kD. An immunoblot analysis using polyclonal antibodies against nFLbR subunits also demonstrated that the rFLbR and nFLbR were cross-reacting antigens or proteins (Fig. 3) . Besides the dominant FLbR antigenic bands (Fig. 3, lanes 1 and 2) , other bands of higher molecular masses were observed in the crude cell extracts and the Sepharose 6B-separated FLbR fraction, but only one band was detected in the affinity-purified rFLbR fraction (Fig. 3,  lane 3 ). These extra bands may represent other bacterial proteins that cross-react with the polyclonal antibodies.
The rFLbR displayed a PI of 5.6 (Fig. 4 , lane 3) and had a mobility similar to one of the three PI bands of the nFLbR (Fig. 4, lane 2) . 
Spectral Properties
UV-Visible Absorption Spectrum
The UV-visible spectrum of the rFLbR as isolated was almost featureless in the region of 400 to 600 nm but exhibited strong absorption at 340 nm (Fig. 5, spectrum 1 ). After addition of excess NAD* under aerobic conditions, the enzyme appeared to be oxidized and exhibited an absorption spectrum with absorption maximum at 455 nm and shoulders at 354, 370, 430, and 485 nm (Fig. 5, spectrum 2)
The absorption spectra of rFLbR were comparable to those of pig heart DLDH (Fig. 6) . Between 400 and 600 nm, rFLbR Figure 3 . Western blot analysis of the rFLbR and nFLbRs. SDS-PACE was carried out as described in Figure 2 and proteins on the gel were transferred to a nitrocellulose filter. Filters were incubated with affinity-purified rabbit anti-FLbR IgC and then with goat antirabbit IgC/alkaline phosphatase conjugates (Bio-Rad). The antigen bands were detected with the Bio-Rad alkaline phosphatase color development reagent. Lane 1, Crude B. coli cell extracts; lane 2, the EK-treated rFLbR fraction from Sepharose 6B; lane 3, the EK-treated rFLbR fraction from Probond resin; lane 4, the nFLbR purified from soybean root nodules. as isolated (Fig. 6, spectrum 2) and after the addition of NAD + to oxidize the enzyme (Fig. 6 , spectrum 1) exhibited absorption spectra similar to those of the reduced (Fig. 6 , spectrum 4) and oxidized (Fig. 6, spectrum 3) forms of pig heart DLDH, respectively. However, spectral differences were apparent below 400 nm. These observations suggest that the rFLbR was isolated in the partly reduced form.
Fluorescence Spectrum
The rFLbR showed fluorescence excitation (Fig. 7A , spectrum 3) and emission (Fig. 7B, spectrum 3 ) spectra with an excitation maximum at 445 nm and a shoulder at 470 nm and an emission maximum at 520 nm. The excitation and emission spectra for flavin in rFLbR were similar to the spectra of pig heart DLDH (Fig. 7, A and B, spectrum 1) and yeast DLDH (Fig. 7, A and B, spectrum 2) but with lower intensities.
Fluorescence Polarization
Fluorescence polarization and anisorropy of rFLbR were determined and compared with those of DLDHs and free FAD to study the binding properties and microenvironments of FAD in the rFLbR. Values of fluorescence polarization and anisorropy were measured at an excitation wavelength of 450 nm and an emission wavelength of 520 nm, with a band pass of 3.5 nm for both wavelengths; these are shown in Table II . FLbR exhibited considerably higher values of fluorescence polarization (P = 0.329) and anisorropy (A = 0.479) than those of pig heart DLDH (P = 0.183; A = 0.138), yeast (P = 0.185; A = 0. 140), and free FAD (P = 0.026; A = 0.028) (Table II) . Wavelength ( nm ) Figure 5 . UV-visible absorption spectra of the rFLbR. The FLbR purified by affinity-Probond resin (spectrum 1) was oxidized by addition of excess NAD+ under aerobic conditions (spectrum 2). The inset shows an enlargement of the whole spectrum from 300 to 600 nm.
Enzymatic Properties of rFLbR
Purified rFLbR reduced both Lb3+ and DCIP (Table I) at rates comparable to those of nFLbR from soybean nodules (Ji et al., 1991) . Various kinetic parameters such as K, , , values for Lb3+, k,,,, and V,,, for nFLbR and rFLbR were very similar (Table 111) . DLDH from pig heart also catalyzed the reduction of Lb3+, but the K, value for Lb3+ was 3-to &fold higher and the k,, was 6-fold lower than that of FLbR.
DLDH-and rFLbR-catalyzed lipoamide-dependent NADH oxidation, a measurement for DLDH activity, and various kinetic parameters were determined for DLDH and rFLbR (Table 111 ). In general, the K, value for NADH, k,,,, and V,, were similar but not identical for the two enzymes. Wavelength ( nm ) Figure 6 . Comparison of absorption spectra of rFLbR and DLDH. The rFLbR (spectrum 2) was oxidized by addition of excess NAD+ under aerobic conditions (spectrum 1). The oxidized pig heart DLDH (spectrum 3) was reduced by addition of excess NADH (spectrum 4). Fluorescence excitation and emission spectra of rFLbR, pig heart DLDH, and yeast DLDH. A, Excitation spectra at an emission wavelength of 520 nm; 6, fluorescence emission spectra at an excitation wavelength of 445 nm. A band pass of 3.5 nrn was used for all spectra.
DISCUSSION
A cDNA encoding a mature form of soybean FLbR was expressed in E. coli using a prokaryotic expression plasmid vector, pTrcHis C. Most of the synthesized rFLbR was found in the insoluble fraction and about 2% of the total soluble cellular protein was mature soybean FLbR. The purified rFLbR displayed levels of activities for DCIP and Lb3+ reductions similar to those of nFLbR from soybean root nodules and was immunoreactive to anti-nFLbR antiserum, proving that an authentic and catalytically active FLbR had been obtained.
An IEF analysis of the rFLbR showed the presence of a single band on the gel with an estimated PI value of 5.6, whereas the nFLbR purified from soybean root nodules showed three distinct bands and had estimated PI values of 5.5, 5.6, and 5.7. It has been suggested that the distinguishable PI bands might represent the isoforms or posttranslational modifications of soybean FLbR (Ji et al., 1991) . Different electrophoretic patterns of DLDH, a structurally related enzyme, have also been observed in various species, but their physiological significance, number, and origin are not known (Williams, 1976; Carothers et al., 1989) .
The UV-visible and fluorescence spectra as well as cofactor-binding properties were compared between the rFLbR and DLDHs to demonstrate the biophysical and biochemical relationships of FLbR to these oxidoreductases. Comparison of absorption spectra revealed that unlike other flavoproteins = nmol NADH oxidized min-' mg-' protein.
such as DLDH and glutathione reductase, both the rFLbR and the nFLbR from soybean root nodules appeared to be isolated in the partly reduced form. An absorption peak at 340 nm and absorption around 530 nm extending beyond 600 nm suggests that NADH may be bound to FLbR. Such an enzyme species may correspond to the complex of the two electron-reduced enzymes (namely the EH2 form) and NADH, which was observed with pig heart DLDH upon anaerobic reduction using a 20-fold excess of NADH (Veeger and Massey, 1963; Williams, 1976) . Fluorescence properties of the rFLbR were essentially those of a flavoprotein with an emission maximum at 520 nm. The observed lower fluorescence intensity of the bound flavin in rFLbR indicated that the isolated enzyme was not in the completely reduced state but, instead, was in a partially reduced state that was probably formed by a charge transfer complex with NADH as indicated by the absorption spectrum of the rFLbR. Comparisons of the fluorescence excitation and emission spectra of rFLbR with those of pig heart and yeast DLDHs showed similar fluorescence properties that differed only in the intensity of the peaks. FLbR and DLDHs probably possess the same prosthetic groups, but these groups interact differently with the two enzymes. The difference in fluorescence intensity might result from different redox states of these enzymes under these conditions. The fluorescence polarization and anisotropy properties of rFLbR were compared with those of free FAD and pig heart and yeast DLDHs. The rFLbR exhibited polarization and anisotropy considerably higher than those of free FAD and the DLDHs. Higher values of fluorescence polarization and anisotropy of FLbR in combination with its lower fluorescence excitation and emission properties indicated that FAD was less accessible in FLbR than in pig heart and yeast DLDHs.
Both FLbR and DLDH exhibited FLbR and DLDH activities, but with somewhat different steady-state kinetic parameters. The rFLbR, like the nFLbR from soybean root nodules, catalyzed Lb3+ reduction with higher catalytic activity and lower K, values for Lb3' in comparison to pig heart DLDH. For its DLDH activity, which was measured by lipoamide-dependent oxidixtion of NADH, rFLbR had a higher K, fcr lipoamide and a lower K, for NADH than those of the pig heart DLDH.
FLbR shared common structural features in the active site and prosthetic group binding sites with other pyridine nucleotide-disulfide oxidoreductases, but displayed different microenvironments for the prosthetic groups, a j suggested by the fluorescence and fluorescence polarization and anisotropy properties. An interesting feature of FLbR (nFLbR and rFLbR) is that when it is isolated under aerobic conditions it appears to be in the partly reduced form, a characteristic that is much different in analogous enzymes such as DLDH. Biochemical properties of FLbR are similar but not identical to the pyridine nucleotide disulfide oxidoreductases. Although we could not conclude that the soybean 1;LbR represented a new class of the oxidoreductases, the unique structural, biophysical, and biochemical properties e chibited by FLbR will expand our knowledge concerning the structure and function of this enzyme family.
